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ABSTRACT 

i 

AIS I1 d a t a  of c o a s t a l  s a g e  s c r u b  v e g e t a t i o n  from t h e  
S a n t a  Monica Mountains were examined f o r  f i n e  s p e c t r a l  
f e a t u r e s  t h a t  might be  used t o  p r e d i c t  c o n c e n t r a t i o n s  of 
c e r t a i n  canopy chemical c o n s t i t u e n t s .  A F o u r i e r  n o t c h  
f i l t e r  was a p p l i e d  t o  t h e  AIS d a t a  and t h e  TREE and ROCK 
mode s p e c t r a  were r a t i o e d  t o  a f l a t  f i e l d .  P o r t i o n s  of  
t h e  r e s u l t i n g  s p e c t r a  r e semble  s p e c t r a  f o r  p l a n t  c e l l u l o s e  
and s t a r c h  i n  t h a t  b o t h  show reduced r e f l e c t a n c e  a t  2100 
and 2270 nm. The l a t t e r  are r e g i o n s  of  a b s o r p t i o n  of  
energy by o r g a n i c  bonds found i n  s t a r c h  and c e l l u l o s e .  
Whether t h e  r e l a t i o n s h i p  i s  s u f f i c i e n t  t o  p r e d i c t  t h e  
c o n c e n t r a t i o n  of  t h e s e  chemica l s  from AIS s p e c t r a  w i l l  
r e q u i r e  t e s t i n g  of t h e  p r e d i c t i v e  a b i l i t y  of t h e s e  
wavebands w i t h  large f i e l d  sample s i z e s .  

INTRODUCTION 

S t r o n g  i n t e r e s t  ex i s t s  i n  de t e rmin ing  t h e  c o n c e n t r a t i o n  of l e a f  
chemical compounds i n  c a n o p i e s  u s i n g  f i n e  s p e c t r a l  f e a t u r e s  of A i rbo rne  
Imaging Spectrometer  (AIS) d a t a  (Spanner et  a l .  1985; Spanner & 
P e t e r s o n  1986; Swanberg & P e t e r s o n  1987; Wessman e t  a ] .  1987; c f .  
Westman & P r i c e  1987). Our i n t e r e s t  i n  t h i s  a p p l i c a t i o n  of AIS i s  
s p u r r e d  by t h e  o b s e r v a t i o n  t h a t  p a r t i c u l a r  a i r  p o l l u t a n t s  c a n  induce  
d i s t i n c t  chemical changes i n  l e a v e s  of  some s p e c i e s ,  b o t h  i n  f u m i g a t i o n  
s t u d i e s ,  and a p p a r e n t l y  a long  f i e l d  g r a d i e n t s  i n  t h e s e  p o l l u t a n t s  
(Westman 1987) .  The a b i l i t y  t o  i d e n t l f y  s u c h  chemical changes remotely 
might t h u s  pe rmi t  b o t h  t h e  i d e n t i f i c a t i o n  of a i r  p o l l u t a n t s  as 
s t r e s s o r s ,  and t h e  s e p a r a t i o n  of i n f l u e n c e  of d i f f e r e n t  p o l l u t a n t s  i n  a 
m u l t i p o l l u t a n t  a tmosphere on t h e  s p e c i e s  of i n t e r e s t .  
b a s i s  f o r  t h e  p o s t u l a t e d  r e l a t i o n s h i p  between l e a f  c h e m i s t r y  and 
r e f l e c t a n c e  l i e s  i n  t h e  narrow a b s o r p t l o n  f e a t u r e s ,  induced by 
v i b r a t i o n a l  s t r e t c h i n g  f r e q u e n c i e s  of o r g a n i c  bonds,  t h a t  a re  embedded 
i n  t h e  r e f l e c t a n c e  spectrum. 

The p h y s i c a l  

We p r e s e n t  p r o g r e s s  i n  a n a l y z i n g  AIS d a t a  of  t h e  San ta  Monica 
Mountains of Los Angeles ,  C a l i f o r n i a .  T h i s  c o a s t a l  r ange  e x p e r i e n c e s  
i n p u t s  of  p o l l u t a n t s  from urban s o u r c e s ,  p a r t i c u l a r l y  a t  t h e  e a s t e r n  
end. I n  combinat ion w i t h  dayt ime o f f s h o r e  winds,  t h e s e  c o n d i t i o n s  
create  a predominant d i u r n a l  west-east  g r a d i e n t  of d e c r e a s i n g  p o l l u t a n t  
exposure ,  p a r t i c u l a r l y  i n  photochemical o x i d a n t s  (Westman 1987). Our , 

s t u d y  o b j e c t i v e s  i n c l u d e  t h e  d e r i v a t i o n  of s p e c t r a l  r e f l e c t a n c e  c u r v e s  
i n  t h e  800-2400 nm range  from s e l e c t e d  s i tes  of c o a s t a l  s a g e  sh rub land  
a r r a y e d  a l o n g  t h e  p o l l u t i o n  g r a d i e n t  f o r  comparJ.son w i t h  canopy chemical 
d a t a  o b t a i n e d  from f i e l d  sampling. 
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THE STUDY AREA AND POLLUTANT EFFECTS 

Coastal  sage  scrub  i s  a drought-deciduous, s easona l ly  leaf-dimorphic 
shrubland type  t h a t  occupies  approximately 25% of t h e  Santa Monica 
Mountains a r e a ,  mostly a t  lower e l e v a t i o n s  i n  t h e  western po r t ion  of t h e  
range. 
Mountains has  been mapped us ing  Thematic Mapper Simulator da t a  by P r i c e  
and Westman (1987). The vege ta t ion  inc ludes  occas iona l  i n d i v i d u a l s  of 
evergreen h a b i t ,  such a s  t h e  l a u r e l  sumac, Rhus l au r ina .  The l a t t e r  
o f t e n  occurs  as l a r g e  clumps of 5-8 m diameter  w i th in  t h e  shrubland. 

The l o c a t i o n  of t h e  vege ta t ion  type  i n  t h e  Santa Monica 

Ten s p e c i e s  of coas t a l  sage  scrub  were exposed f o r  t e n  weeks t o  t h r e e  
l e v e l s  each of ozone (0.1,  0.2, 0.4 ppm) and s u l f u r  d ioxide  (0.05, 0.2, 
0.5 ppm) a lone  and i n  combinations,  and a f i l t e r e d - a i r  c o n t r o l ,  i n  
fumigat ion chambers a t  t h e  Statewide A i r  P o l l u t i o n  Research Center a t  
t h e  Univers i ty  of C a l i f o r n i a ,  Riversf.de (Westman e t  a l .  1985). The 
l eaves  remaining a t t ached  t o  t h e  fumlgated p l a n t s  (5  p l a n t s  i n  each of 
two r e p l i c a t e s  p e r  t r ea tmen t )  were analyzed for p lan t  pigments 
( ch lo rophy l l s  a ,b;  t o t a l  ca ro teno ids ) ,  s t r u c t u r a l  components ( c e l l u l o s e ,  
f i b e r ,  l i g n i n )  and elemental  conten t  i n  f i v e  of t h e  specfes  (Artemisia  
c a l i f o r n i c a ,  Rhus l a u r i n a ,  Eriogonum cinereum, S a l v i a  m e l l i f e r a ,  Ence l ia  
c a l i f o r n i c a ) .  Ozone t rea tment  caused s i g n i f i c a n t  i n c r e a s e s  i n  l ea f  
n i t rogen ,  potassium and l ead ,  and weaker t r e n d s  toward i n c r e a s e  i n  
s t r u c t u r a l  components and ch lorophyl l .  Su l fu r  d ioxide  t reatment  induced 
s i g n i f i c a n t  r i s e s  i n  t o t a l  s u l f u r .  Combinations of t h e  two p o l l u t a n t s  
caused a rise i n  s u l f u r  and d e c l i n e  i n  caroten0f.d.s (Westman 1987). I n  
t h e  f i e l d ,  t h e s e  sample s p e c i e s  showed chemical changes from west t o  
e a s t  t h a t  would be expected from t h e  known r i se  i n  ozone l e v e l s  toward 
t h e  e a s t :  a r i s e  i n  n i t rogen  and ch lo rophy l l ,  and t o  a lesser ex ten t  i n  
s t r u c t u r a l  compounds (Westman 1987). These chemical changes may a r i s e  
from acce le ra t ed  l e a f  drop, and t h e  consequent enrichment of t h e  canopy 
i n  young, though s t u n t e d ,  leaves  (Westman 1987). This  and o the r  
hypotheses a r e  c u r r e n t l y  being tes ted wi th  add i t iona l  f i e l d  da ta .  

METHODS 

AIS-2 d a t a  were c o l l e c t e d  over 15 s tudy s i t e s  i n  t h e  Santa Monica 
Mountains on September 15, 1986 by t h e  NASA A m e s  C-130 a i r c r a f t .  
(800-2100 nm) and ROCK (1100-2400 nm) mode d a t a  were obtained f o r  a33 
s i t e s .  

TREE 

The raw imagery contained i n t e r m i t t e n t  s t r i p i n g ,  dropped l i n e s ,  noisy 
d a t a  l i n e s ,  and blank image columns. Gain d i f f e r e n c e s  between image 
columns occurred due t o  vary ing  responses  between de tec to r s .  
ga in  changes a l s o  occurred wi th in  an image column due t o  changes i n  
d e t e c t o r  response over t i m e .  
and h o r i z o n t a l  s t r i p i n g  i n  t h e  imagery, r e spec t ive ly .  Loss of c e r t a i n  
l i n e s  on some f l i g h t l i n e s  occurred during t h e  process  of  decommutating the  
high-densi ty  t a p e  t o  computer-compatible tape.  Several  image columns 
(column numbers 1164,1985,1986) were ze ro  f o r  a l l  p i x e l s  i n  t h e  f l i g h t  
l i n e s .  Also t h e  f i r s t  column i n  each band contained noise .  

Pe r iod ic  

These e f f e c t s  were expressed as v e r t i c a l  . 

S t r i p i n g  i n  t h e  imagery was e l imina ted  by r ep lac ing  noisy image l i n e s  
t h a t  occurred i n t e r m i t t e n t l y  i n  Bands 1-32 wi th  an average of 
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neighboring l i n e s ,  and then applying a Four ie r  notch f i l t e r  t o  t h e  
imagery as descr ibed  by Hlavka (1986). This  method f o r  d e s t r l p i n g  t h e  
d a t a  i s  supe r io r  t o  a column by column f l a t - f i e l d  d i v h i o n  i n  t h a t  
ho r i zon ta l  s t r i p i n g  i s  removed and t h e  o r i g i n a l  i n t e n s i t y  (DN) va lues  
are preserved. 

A s e c t i o n  of freeway ( I n t e r s t a t e  5 )  near  G r i f f i t h  Park,  a t  t h e  e a s t e r n  
end of t h e  Santa  Monica Mountains, was used t o  ob ta in  f l a t  f i e l d  s p e c t r a  
i n  TREE and ROCK mode. The s p e c t r a  r ep resen t  an average of t h r e e  rows 
f o r  a l l  64 columns of p i x e l s  . Wavelength c a l i b r a t i o n  was performed 
us ing  suppl ied  va lues  ( J e t  Propuls ion Laboratory 1986) f o r  a l l  128 bands 
i n  ROCK mode, and f o r  bands 65-128 i n  TREE mode. Bands 1-64 of TREE 
mode were c a l i b r a t e d  us ing  t h e  935 nm atmospheric absorp t ion  band 
(Chahine 1983). 

AIS d a t a  were c o l l e c t e d  over a r e a s  of Rhus l a u r i n a  of d i f f e r e n t  
d e n s i t i e s  i n  t h e  La J o l l a  Canyon reg ion  of t h e  western Santa  Monica 
Mountains. Two weeks l a t e r ,  f i e l d  measurements were taken of Rhus 
l a u r i n a  shrubs  us ing  t h e  Barr inger  REFSPEC IIA, an i n t e g r a t i n g  sphere  
r a t i o i n g  spectroradiometer .  The instrument  was suspended 0.5 m above 
t h e  canopy so  t h a t  t h e  measured t a r g e t  contained severa l  l eaves  i n  t h e  
uppermost l a y e r  of canopy. The l a t t e r  d a t a  were r a t i o e d  t o  r e f l e c t a n c e  
from a barium s u l f a t e  p l a t e  observed under t h e  same condi t ions .  

To compare AIS spectra of vege ta t ion  t o  p l a n t  chemical c o n s t i t u e n t s ,  
w e  d i g i t i z e d  s p e c t r a l  r e f l e c t a n c e  curves f o r  s t a r c h  (from co rn ) ,  l i q u i d  
water ( t h e  d i f f e r e n c e  between water-soaked f i l t e r  paper and dry  f i l t e r  
paper;  i n  Hruschka and Nor r i s  1982), and c e l l u l o s e  ( i n  Norr i s  and Barnes 
1976). We converted d a t a  from log  (1/R) t o  R ,  where R i s  r e f l e c t a n c e  of 
d r i e d ,  ground e x t r a c t  as measured by a Cary Model 14 monochromator 
a g a i n s t  a ceramic s tandard.  
d e s t r i p e d  AIS s p e c t r a  r a t i o e d  t o  f l a t  f i e l d  spec t r a .  

These curves were then  ove r l a id  upon 

RESULTS 

Vegetation f l a t - f i e l d  spectra 

The f l a t  f i e l d  (freeway) s p e c t r a  are shown i n  Figure 1. The shapes of 
t h e  TREE and ROCK mode peaks between 1150 and 1350 nm a r e  not  very 
similar.  
f i l t e r  a t  1100 nm used f o r  ROCK mode d a t a  a c q u i s i t i o n .  
a l s o  d i f f e r  beyond 1600 nm, where second o rde r  e f f e c t s  a l t e r  t h e  TREE 
mode response (Vane 1986). These d i f f e r e n c e s  a r e  obvious i n  TREE mode as 
a peak i n  t h e  1600-1800 nm region  and a f l a t t e n i n g  of t h e  two carbon 
dioxl.de abso rp t ion  f e a t u r e s  i n  t h e  2000-2100 nm reg ion  (Weisnet & Matson 
1983). 

This  d i s p a r i t y  probably r e s u l t s  from e f f e c t s  of t h e  blocking 
The two s p e c t r a  

F igure  2 compares f l a t - f i e l d  co r rec t ed ,  d e s t r i p e d  AIS s p e c t r a  of Rhus 
l a u r i n a  t o  s i m i l a r l y  r a t i o e d  r e f l e c t a n c e  curves  of t h e  same s p e c i e s  
obtained wi th  t h e  f i e l d  spec t roradiometer  ( a f t e r  d e l e t i n g  d a t a  i n  t h e  
atmospheric water absorp t ion  bands from t h e  f i g u r e ) .  The high n o i s e  i n  
t h e  f ie ld-der ived  s p e c t r a  makes d e t a i l e d  comparison d i f f i c u l t ,  bu t  some 
broad s i m i l a r i t i e s  i n  f e a t u r e s  appear t o  occur i n  t h e  900-1300 nm and 
1500-1750 nm reg ions ;  second-order e f f e c t s  presumably exp la in  t h e  peak 
i n  TREE mode i n  a water  absorp t ion  reg ion  near  1800 nm. 

93 



Fig.  1. F l a t  f i e l d  s p e c t r a  of AIS-2 d a t a .  
t h e  e a s t  end of t h e  San ta  Monl.ca Mountains was t h e  a r e a  used. 

A sect3.on of I n t e r s t a t e  5 a t  

0 0 

G l  

ROCK mode 

J 

I n t a c t  Rhus laurina 
B a r r i n g e r  r e f l e c t a n c e  (BaSOh) x 2 

Fig .  2. AIS s p e c t r a  ove r  an a r e a  of dense  Rhus l a u r i n a  a t  La J o l l a  - 
Canyon. The d a t a  were d e s t r i p e d  and r a t i o e d  t o  a f l a t  f i e l d .  Lower 
c u r v e  i s  r e f l e c t a n c e  of Rhus l a u r i n a  from t h e  same l o c a t i o n  using a 
f i e l d  s p e c t r o r a d i o m e t e r .  
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Fig. 3. AIS s p e c t r a  f o r  t h r e e  a r e a s  dominated by Rhus l a u r i n a  of 

Note f i n e  s p e c t r a l  v a r i a t i o n  
d l f f e r e n t  d e n s i t i e s .  
p i x e l s ,  and r a t i o e d  t o  a f l a t  f i e l d .  
between t h e  t h r e e  c u r v e s  ( a r rows) .  

AIS d a t a  are  d e s t r i p e d ,  averaged ove r  3 X 3 

F i g u r e  3 shows ROCK mode s p e c t r a  e x t r a c t e d  ove r  c o a s t a l  s a g e  s c r u b  of 
d i f f e r i n g  Rhus canopy c l o s u r e .  Each h a s  been r a t i o e d  t o  f l a t - f i e l d  
s p e c t r a .  
a re  l i k e l y  r e l a t e d  t o  a l b e d o  ( a f f e c t e d  by sun  and view a n g l e s ) ,  and 
p o s s i b l y  t o  l e a f  a r e a  index.  D i f f e r e n c e s  i n  f i n e  s p e c t r a l  f e a t u r e s  
( a r r o w s )  may a r i s e  from vege ta t ion - induced  s p e c t r a l  f e a t u r e s  Independent  
of  i l l u m i n a t i o n  ang le .  
t e c h n i q u e s  t o  s u p p r e s s  t h e  e f f e c t s  of v a r y i n g  s c e n e  j . l l umina t ion  
(Rober t s  e t  a ] .  1986). 

The l a r g e  d i f f e r e n c e s  i n  l e v e l s  of r e f l e c t a n c e  between s p e c t r a  

F u r t h e r  a n a l y s i s  i s  planned u s i n g  l o g  r e s i d u a l  

Comparison - t o  chemical s p e c t r a  

Figure 4 A  compares t h e  Rhus laur ina-dominated  spec t r a  of F ig .  2 to 
r e f l e c t a n c e  c u r v e s  for p u r e  c e l l u l o s e ,  s t a r c h  and l i q u i d  wa te r  i n  f i l t e r  
pape r .  
wavelengths  (1450 and 1940 nm, r e p o r t e d  by Curc io  and P e t t y  1951) 
compared t o  a tmospheric  w a t e r  a b s o r p t h n  maxima (1395, 1870 nm; Chahine 
1983). These f e a t u r e s  can  be  seen  i n  F i g u r e  4A, and f o r  p l a n t s  i n  F i g u r e  
4B. The l a t t e r  shows r e f l e c t a n c e  s p e c t r a  from a canopy of i n t a c t  
s e e d l i n g s  of P i n u s  j e f f r e y i ,  measured w i t h  a C o l l i n s  VIRIS 
s p e c t r o r a d i o m e t e r  under a r t i f j . c j . a l  13 3 uminat lon (Westman and P r i c e  
1987). 

L iqu id  w a t e r  h a s  a b s o r p t i o n  peaks d i s p l a c e d  55-70 nm t o  longe r  

The c e l l u l o s e ,  s t a r c h ,  and w a t e r  c u r v e s  a33 show broad s p e c t r a l  
f e a t u r e s  i n  Fig.  4A. The 1540 nm f i r s t  o v e r t o n e  of an O-H s t r e t c h i n g  
f r equency ,  and a C-H f i r s t  o v e r t o n e  a t  1780 nm (bonds i n  s t a r c h  and 
c e l l u l o s e ,  and i n  t h e  f i r s t  case, w a t e r )  occu r  i n  r e g i o n s  h e a v i l y  
j .nfluenced by water a b s o r p t i o n .  The AIS s p e c t r a  cannot  t h e r e f o r e  be  
used w i t h  c o n f i d e n c e  t o  d e t e c t  f i n e  s p e c t r a l  f e a t u r e s  i n  t h e s e  r e g i o n s  
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Fig. 4. A)  D e s t r i p e d  AIS d a t a  of  - Rhus laur ina-dominated areas,  r a t i o e d  
t o  f l a t  f i e l d .  Curves below are l a b o r a t o r y - d e r i v e d  r e f l e c t a n c e  c u r v e s  
f o r  d r i e d ,  ground ex t rac ts  of s t a r c h  and c e l l u l o s e ,  and l i q u i d  w a t e r  i n  
soaked f i l t e r  paper  ( adap ted  from N o r r i s  and Barnes 1976; Hruschka and 
N o r r i s  1982). B )  R e f l e c t a n c e  of  P i n u s  j e f f r e y i  s e e d l i n g s  with C o l l i n s '  
V I R I S  s p e c t r o r a d i o m e t e r .  Upper and lower c u r v e s  a r e  s t a n d a r d  e r r o r s .  
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because of t h e  low s i g n a l / n o i s e  r a t i o  r e s u l t i n g  from abso rp t ion  of much 
of t h e  r a d i a t i o n  by atmospheric water.  
combinations a t  2100 nm, and O-H stretch/C-C s t r e t c h  combinations a t  
2270 nm (occurr ing  i n  s t a r c h  and c e l l u l o s e )  can be seen a s  absorp t ion  
f e a t u r e s  i n  t h e  pure c e l l u l o s e  and s t a r c h  curves  i n  a reg ion  where water 
absorp t ion  i s  l e s s .  These f e a t u r e s  a t  2100 and 2270 nm i n  t h e  c e l l u l o s e  
and s t a r c h  curves may or may not  be r e spons ib l e  f o r  t h e  d e c l i n e s  i n  
r e f l e c t a n c e  i n  t h e s e  r eg ions  i n  t h e  AIS curve  (ROCK mode). 
p l a n t  curve (Fig,  4B) shows a d i p  i n  t h e  2270 nm region ,  but  no t  t h e  
2100 nm region.  
2500 nm i s  beyond t h e  range of t h e  AIS. 

The O=H bend/C-0 s t r e t c h  

The green 

The f u r t h e r  d i p  i n  t h e  s t a r c h  and c e l l u l o s e  curves  a t  

It  does no t  appear poss ib l e ,  based on v i s u a l  i n spec t ion ,  t o  determine 
whether t h e  s p e c t r a l  f e a t u r e s  i n  t h e  AIS curve a r e  caused by abso rp t ion  
p r o p e r t i e s  of t h e  major p l an t  chemical c o n s t i t u e n t s ,  given present  
understanding. An understanding of t h e  r e l a t i v e  con t r ibu t ions  of o the r  
f e a t u r e s ,  i nc lud ing  o t h e r  chemical c o n s t i t u e n t s ,  and o the r  components of 
t h e  scene,  would be necessary  f o r  such a d e t e r m i n i s t i c  approach. 

DISCUSSION 

Each s p e c t r a l  reg ion  i s  inf luenced by many f a c t o r s ,  but  t h e  
combination of s p e c t r a l  f e a t u r e s  of any one chemical c o n s t i t u e n t  a r e  
unique. I n  p r i n c i p a l ,  t h e r e f o r e ,  r e f l e c t a n c e  a t  a combination of 
c h a r a c t e r i s t i c  wavelengths could enable  p r e d i c t i o n  of chemical 
concent ra t ions ,  With t h e  high l e v e l  of i n t e r c o r r e l a t i o n  t h a t  e x i s t s  
between chemical c o n s t i t u e n t s  i n  a l e a f ,  and f a c t o r s  such as albedo or 
water conten t  t h a t  a f f e c t  l a r g e  po r t ions  of a canopy r e f l e c t a n c e  
spectrum, f u r t h e r  i n t e r c o r r e l a t i o n s  between po r t ions  of t h e  spectrum a r e  
introduced,  For t h i s  reason,  t h e  po ten t i a l  range of wavelengths wi th  
high p r e d i c t i v e  power f o r  a chemical c o n s t i t u e n t  may be somewhat broader 
than implied by narrow s t r e t c h i n g  f requencies  alone. Wessman e t  a l .  
(1987) and Swanberg and Peterson (1987) r e p o r t  i n i t i a l  r e s u l t s  i n  
p r e d i c t i n g  l e a f  canopy chemistry from AIS s p e c t r a  us ing  s t e p w i s e  
r e g r e s s i o n  t o  select  wavelengths f o r  p red ic t ion .  

Research in t h e  use of AIS s p e c t r a  t o  p r e d i c t  canopy chemistry i s  i n  
an exp lo ra to ry  s tage .  The s p e c t r a  i n  Fig. 4 suggest t h a t  2270 nm, and 
poss ib ly  2100 nm, may be useful  wavelengths t o  t e s t  i n  p r e d i c t i v e  models 
for t h e  complex of glucose-based s t r u c t u r a l  compounds such as s t a r c h ,  
suga r s  and c e l l u l o s e  i n  p l a n t  canopies.  Such d e t e r m i n i s t i c  approaches,  
as well a s  m u l t i v a r i a t e  s t a t i s t i ca l  approaches y e t  u n t r i e d ,  remain f o r  
f u t u r e  t e s t i n g .  
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